Phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P 2 ] occurs in the apical plasma membrane of growing pollen tubes. Because enzymes responsible for PtdIns(4,5)P 2 production at that location are uncharacterized, functions of PtdIns(4,5)P 2 in pollen tube tip growth are unresolved. Two candidate genes encoding pollen-expressed Arabidopsis thaliana phosphatidylinositol-4-phosphate 5-kinases (PI4P 5-kinases) of Arabidopsis subfamily B were identified (PIP5K4 and PIP5K5), and their recombinant proteins were characterized as being PI4P 5-kinases. Pollen of T-DNA insertion lines deficient in both PIP5K4 and PIP5K5 exhibited reduced pollen germination and defects in pollen tube elongation. Fluorescence-tagged PIP5K4 and PIP5K5 localized to an apical plasma membrane microdomain in Arabidopsis and tobacco (Nicotiana tabacum) pollen tubes, and overexpression of either PIP5K4 or PIP5K5 triggered multiple tip branching events. Further studies using the tobacco system revealed that overexpression caused massive apical pectin deposition accompanied by plasma membrane invaginations. By contrast, callose deposition and cytoskeletal structures were unaltered in the overexpressors. Morphological effects depended on PtdIns(4,5)P 2 production, as an inactive enzyme variant did not produce any effects. The data indicate that excessive PtdIns(4,5)P 2 production by type B PI4P 5-kinases disturbs the balance of membrane trafficking and apical pectin deposition. Polar tip growth of pollen tubes may thus be modulated by PtdIns(4,5)P 2 via regulatory effects on membrane trafficking and/or apical pectin deposition.
INTRODUCTION
Pollen tubes grow by polar tip expansion and are an important model system for the study of directional tip growth of eukaryotic cells. Cellular elongation involves the biogenesis and targeted delivery of endomembrane vesicles transporting membrane patches and cell wall material to the growing tip (FranklinTong, 1999; Krichevsky et al., 2007) . Vesicle fusion with the plasma membrane is restricted to a small target area in the tip of the growing pollen tube, which defines the zone of expansion for unidirectional tip growth (Ryan et al., 2001; Moscatelli et al., 2007; Zonia and Munnik, 2008) . The transport of exocytotic vesicles from the endoplasmic reticulum and Golgi to the plasma membrane occurs along F-actin strands that form along the longitudinal axis of the growing cell (Voigt et al., 2005; Lee et al., 2008) . Vesicles move in a reverse-fountain pattern , enabling peripheral delivery of exocytotic vesicles to the tip and central retrieval of endocytotic vesicles that are being recycled to endosomal compartments after deposition of their cargo (Picton and Steer, 1983; Hepler et al., 2001) . The presence of a ring-like arrangement of cortical actin, termed the actin fringe, near the growing pollen tube tip has been demonstrated to be essential for reverse-fountain streaming, and pharmacological perturbation of actin fringe assembly results in the loss of directional vesicle traffic and abolishes cell polarity (Cardenas et al., 2008) . Other elements participating in the regulation of tip growth in plant cells include a variety of essential regulatory GTPases (Kost et al., 1999; Preuss et al., 2004; Gu et al., 2005; Klahre and Kost, 2006; Song et al., 2006) as well as factors required for vesicle trafficking and targeted secretion of cargo vesicles (Yuen et al., 2005; Song et al., 2006) .
The main vesicle cargo transported to the growing pollen tube apex is cell wall material, and the specific properties of the cell wall components deposited in the growing tip are important for directional growth of pollen tubes (Krichevsky et al., 2007) . The apical cell wall of pollen tubes consists of a single layer of pectin (Ferguson et al., 1998) , granting elasticity to the growing tip while maintaining structural integrity of the pollen tube cell (Steer and Steer, 1989; Bosch and Hepler, 2005) . Cell wall-modifying enzymes delivered to the growing tip progressively promote rigidification of the pectin layer toward the basal end of the apical region, whereas secreted pectin in the advancing apex maintains an elastic state (Catoire et al., 1998; Wen et al., 1999; Ren and Kermode, 2000; Jiang et al., 2005) . Regulating the balance between apical cell wall stiffening and loosening is crucial for directional pollen tube growth (Moustacas et al., 1991; Bordenave et al., 1996; Catoire et al., 1998) , and pollen tube growth was slowed or irregular in plants deficient in some of the various cell wall-modifying enzymes (Jiang et al., 2005; Tian et al., 2006) .
While the cell wall of the growing tip secretes pectin, the cell wall of the shank of plant pollen tubes ;15 mm or more away from the tip is additionally rigidified by incorporation of callose and cellulose (Taylor and Hepler, 1997; Cheung and Wu, 2008) . In pollen tubes of Nicotiana alata, callose represents the most prominent structural cell wall component, accounting for ;86% of the cell wall mass, whereas cellulose is only a minor constituent, occupying up to 5% of the cell wall mass (Li et al., 1999) . Pectin is more prominent, constituting ;15% of the cell wall mass (Li et al., 1999) . It is important to note that neither callose nor cellulose are present in the growing apical region of tobacco (Nicotiana tabacum) pollen tubes, nor are they detected in secretory vesicles in the clear zone (Ferguson et al., 1998) , indicating that pectin secretion via targeted vesicle delivery is a key process important for pollen tube growth (Franklin-Tong, 1999) .
Although the mechanics of pollen tube growth have been extensively studied, the factors coordinating exocytosis or pectin deposition are not well understood. In this study, we aimed to elucidate the roles of the membrane lipid, phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P 2 ], in polar tip growth of pollen tubes. PtdIns(4,5)P 2 has been visualized in apical plasma membrane microdomains of pollen tube and root hair tips using immunofluorescence (Braun et al., 1999) or expression of the fluorescence-tagged Pleckstrin homology (PH) domain of human phospholipase C (PLC) d1 (Kost et al., 1999; Vincent et al., 2005; Dowd et al., 2006; Preuss et al., 2006; Stenzel et al., 2008) , which can serve as a PtdIns(4,5)P 2 -specific reporter (Varnai and Balla, 1998) . Because of its occurrence in plasma membrane microdomains of the apical region of these tip-growing cells, PtdIns (4,5)P 2 has been proposed to play a role in the regulation of directional tip growth of plant cells, including pollen tubes and root hairs (Braun et al., 1999; Kost et al., 1999; Vincent et al., 2005) . Microinjection of caged PtdIns(4,5)P 2 and photorelease has been shown to alter directional growth in pollen tubes (Monteiro et al., 2005) ; however, the mode of action of PtdIns (4,5)P 2 in the regulation of polar tip growth is, so far, not clear.
PtdIns(4,5)P 2 can regulate multiple physiological processes in all eukaryotic cell types studied so far by interacting with various protein partners that are regulated in their biochemical activity or localization (Mueller-Roeber and Pical, 2002; Meijer and Munnik, 2003; Balla, 2006) . Relevant examples for proteins regulated by PtdIns(4,5)P 2 include the actin-modifying enzymes profilin, cofilin, and gelsolin (Drobak et al., 1994; Lemmon et al., 2002; Doughman et al., 2003; Wasteneys and Galway, 2003; Wenk and De Camilli, 2004) as well as factors implicating PtdIns(4,5)P 2 in the regulation of vesicle fusion (Cremona and De Camilli, 2001; Di Paolo et al., 2004; Gong et al., 2005; Milosevic et al., 2005; He et al., 2007; Liu et al., 2007) . While little information is available about the functions of PtdIns(4,5)P 2 in exocytosis, we have recently shown that PtdIns(4,5)P 2 associates with endocytotic vesicles in plant cells (Kö nig et al., 2008b) , suggesting a role in membrane trafficking. In addition to its functions as an intact lipid, PtdIns(4,5)P 2 can be hydrolyzed by PLC, yielding diacylglycerol and the soluble second messenger, inositol 1,4,5-trisphosphate (Berridge, 1983; Meijer and Munnik, 2003; Dowd et al., 2006; Helling et al., 2006) .
Because the enzymes and corresponding genes responsible for generating PtdIns(4,5)P 2 in pollen tubes have not been identified, the exact physiological roles of PtdIns(4,5)P 2 in the context of polar tip growth have so far eluded functional investigation. In plants, PtdIns(4,5)P 2 is formed by phosphorylation of the more abundant (Kö nig et al., 2008a ) precursor lipid, phosphatidylinositol-4-phosphate (PtdIns4P), which is catalyzed by phosphatidylinositol-4-phosphate 5-kinases (PI4P 5-kinases) (Drobak et al., 1999; Mueller-Roeber and Pical, 2002) . The Arabidopsis thaliana genome contains 11 genes with similarity to animal PI4P 5-kinase genes (Mueller-Roeber and Pical, 2002) , some of which have been experimentally characterized in detail and been shown to encode enzymes with PI4P 5-kinase activity (Elge et al., 2001; Perera et al., 2005; Lee et al., 2007; Kusano et al., 2008; Stenzel et al., 2008) . Plant PI4P 5-kinase sequences can be classified as subfamilies A and B (Mueller-Roeber and Pical, 2002) . Type A enzymes (isoforms 10 and 11) exhibit a domain structure similar to animal and human PI4P 5-kinases. Type B kinases (isoforms 1 to 9) contain a large N-terminal extension characterized by membrane occupation and recognition nexus (MORN) repeats (Mueller-Roeber and Pical, 2002) , which are also found in proteins of animal or plant origin that mediate protein-to-membrane contacts, such as junctophilins (Takeshima et al., 2000) ; the Toxoplasma gondii protein, MORN1, involved in cell-division (Gubbels et al., 2006) ; or the Arabidopsis accumulation and replication of chloroplasts 3 (ARC3) protein, involved in plastidial fission (Maple et al., 2007) . PI4P 5-kinases are soluble proteins that can be dynamically recruited to membranes (Rao et al., 1998) . Membrane recruitment of PI4P 5-kinases in mammalian cells involves the action of small Rac-type GTPases (Santarius et al., 2006) . In plants, it has been shown that the monomeric GTPase, Rac2, associates with an unspecified PI4P 5-kinase activity in immuno-pull-down assays (Kost et al., 1999) . So far, however, membrane recruitment of a particular PI4P 5-kinase isoform by direct interaction with a small GTPase has not been reported in plants.
In this study, two pollen-expressed type B PI4P 5-kinase genes, PIP5K4 and PIP5K5, were identified in the Arabidopsis genome. Pollen of T-DNA insertion lines lacking transcripts of both these genes exhibited reduced pollen germination and defects in pollen tube elongation. The subcellular distribution of fluorescence-tagged enzymes indicates association of both PIP5K4 and PIP5K5 with the plasma membrane PtdIns(4,5)P 2 microdomain of the pollen tube tip. Heterologous overexpression of PIP5K4 or PIP5K5 resulted in increased apical pectin deposition, multiple tube branching events, and some other severe morphological changes. The data indicate that PtdIns (4,5)P 2 may contribute to the regulation of pollen tube growth by affecting membrane trafficking and apical secretion of pectin.
RESULTS
Arabidopsis PI4P 5-Kinase Isoforms, PIP5K4 and PIP5K5, Are Expressed in Pollen and Catalyze the Conversion of PtdIns4P to PtdIns(4,5)P 2 Arabidopsis PI4P 5-kinase isoforms with potential roles in the regulation of pollen tube growth were identified using transcript array information accessible through the Genevestigator portal (Zimmermann et al., 2004) . In addition to the uncharacterized PI4P 5-kinase gene, PIP5K5, the gene PIP5K4 was included in our analysis, which was previously shown to encode an active PI4P 5-kinase with a role in guard cell function (Lee et al., 2007) . Expression of these selected genes in pollen was verified by expression of 1500-bp promoter fragments of these genes driving expression of a b-glucuronidase (GUS) reporter in transgenic plants, followed by histochemical staining (Figures 1A to 1F ) and independently by RT-PCR ( Figure 1G ). The promoter-GUS experiments indicate that PI4P 5-kinase isoforms 4 and 5 are both expressed in pollen grains ( Figures 1A to 1D ) and that promoter activity is also present in growing pollen tubes of Arabidopsis ( Figures 1E and 1F) . RT-PCR analysis of expression in Arabidopsis flowers ( Figure 1G ) indicates low expression for both PI4P 5-kinase isoforms tested. Note that the expression patterns do not exclude expression of PIP5K4 or PIP5K5 in organs other than pollen. It is also possible that additional PI4P 5-kinases may contribute to PtdIns(4,5)P 2 production in pollen tubes.
To characterize the functions of PIP5K4 and PIP5K5 gene products, the corresponding cDNAs were cloned and heterologously expressed in Escherichia coli as fusions to maltose binding protein (MBP) tags, and the recombinant proteins were tested for activity in vitro. Catalytic activities of the recombinant enzymes with the preferred substrate, PtdIns4P, are presented in Figure 2 . To determine whether enhanced yellow fluorescent protein (EYFP) tags of fluorescently labeled fusion proteins would obstruct catalytic activity, relevant protein fusions ( Figure 2A ) were recombinantly expressed and tested for activity. Note that the presence of a fluorescence tag did not affect catalytic activity of the recombinant enzymes ( Figure 2B ). A variant of PIP5K5 mutated in its ATP binding site (Ishihara et al., 1998) was also tested, and the catalytic activity of the mutant protein PIP5K5 K497A against PtdIns4P was reduced to background levels ( Figure 2B ). When the catalytic activity of recombinant enzymes not carrying fluorescence tags was tested against different potential lipid substrates, the preferred substrate was PtdIns4P (Table 1) . Minor phosphorylation activity against PtdIns3P was also observed, whereas no activity was detected with PtdIns5P as a substrate ( Table 1 ). The in vitro activity assays confirm that PIP5K4 and PIP5K5 represent active PI4P 5-kinases.
The T-DNA pip5k4 pip5k5 Double Mutant Is Impaired in in Vitro Pollen Germination and in Pollen Tube Growth
Homozygous Arabidopsis T-DNA mutant lines with exon insertions in the genes for PIP5K4 (SALK_001138) and PIP5K5 Histochemical staining for GUS activity in transgenic Arabidopsis plants expressing the GUSplus reporter gene under the putative (1500-bp 59 untranslated region) promoters of PIP5K4 and PIP5K5. Samples were stained for 24 h at room temperature. Images are representative of at least three independent transgenic lines. For each line, at least 20 flowers, 100 pollen grains, and 100 pollen tubes were examined. Bars = 300 mm in (A) and (B) and 50 mm in (C) to (F). (SALK_147475) ( Figure 3A ) were isolated. Homozygosity was inferred by the inability to amplify wild-type alleles concomitant with positive amplification of T-DNA-tagged alleles (see Supplemental Figure 1 online). The exact sites of the T-DNA insertions were determined by sequencing, and the T-DNA insertions were found to be located in the first exon of pip5k4, 1186 bp downstream from the ATG start codon, and in the eighth exon of pip5k5, 2811 bp downstream from the ATG. Reduction in transcript levels was tested by RT-PCR, indicating that the respective transcripts were lacking or reduced to levels below detection ( Figure 3B ). Single homozygous mutants showed no obvious defects in pollen germination or pollen tube growth ( Figure 4) ; therefore, pip5k4 pip5k5 double mutants were obtained by crossing homozygous pip5k4 and pip5k5 mutant lines. When pollen of the double mutant was germinated in vitro, the rate of germination was substantially reduced ( Figure 4A ) and emerging pollen tubes showed significantly less tube growth ( Figure 4B ), indicating that PIP5K4 and PIP5K5 contributed to the functionality of the pollen tube. Pollen tubes emerging from pip5k4 pip5k5 double mutant pollen were not obviously altered in their morphology, aside from their reduced length, and no wavy growth, tip swelling, or other morphological changes were observed compared with wild-type controls ( Figures 5A and 5B ). To verify that the pip5k4 pip5k5 double mutant phenotype was attributable to the disruption of the PIP5K4 and PIP5K5 genes, double mutant plants were transformed with PIP5K4:EYFP or PIP5K5: EYFP under the control of intrinsic PIP5K4 or PIP5K5 1500-bp promoter fragments (Figure 4 ). Both ProPIP5K4:PIP5K4:EYFP and ProPIP5K5:PIP5K5:EYFP independently rescued the germination and growth phenotypes of pip5k4 pip5k5 double mutant pollen, and germination ( Figure 4A ) and pollen tube growth ( Figure 4B ) even exceeded those of wild-type pollen. In one example, 47% (n = 200) of the pollen grains from the same T1 flower showed EYFP fluorescence, indicating only one PIP5K5: EYFP insertion site. Close to all (96%; 144 out of 150) of the pollen tubes counted emerging from pollen grains of this plant showed EYFP fluorescence, indicating successful complementation of the pip5k4 pip5k5 double mutant by a single insertion of the ectopic construct encoding PIP5K5-EYFP. In some transgenic lines likely containing multiple copies of the PIP5K4:EYFP or the PIP5K5:EYFP transgene and exhibiting high levels of fluorescence, aberrant pollen tube morphology was observed ( Figures  5C to 5F ). Morphologies observed in strong overexpressors were characterized by a zigzag or wavy growth pattern (Figures 5C and 5D) or by pollen tube branching ( Figures 5E and 5F ). Even though zigzag growth and/or tube branching also occasionally occurs in Arabidopsis wild-type pollen tubes, the frequency of tube branching was roughly eight times higher for both phenotypes of transgenic type B PI4P 5-kinase overexpressors than for nontransformed controls ( Figure 5G ). The data indicate a role for PIP5K4 and PIP5K5 in pollen germination and pollen tube growth.
PIP5K4 and PIP5K5 Localize to a Distinct Domain of the Apical Plasma Membrane of Arabidopsis and Tobacco Pollen Tubes
To test whether the PI4P 5-kinases under study were candidate enzymes responsible for the generation of the PtdIns(4,5)P 2 The gene products PIP5K4 and PIP5K5 were heterologously expressed in E. coli as fusion proteins to N-terminal MBP tags, and the recombinant extracts were tested in vitro for enzymatic activity against PtdIns4P. (A) Graphical representation of constructs tested. In addition to PIP5K4 and PIP5K5, constructs encoding these proteins as fusions with C-terminal EYFP tags were also created and tested. A mutated variant of PIP5K5, PIP5K5 K497A with a dysfunctional ATP binding site (arrowhead), was also included. NT, N-terminal domain; Lin, linker domain; Dim, dimerization domain; Cat, catalytic domain; EYFP, EYFP tag. (B) Catalytic activity of recombinant enzymes expressed in E. coli. Concentrations of recombinant proteins were equalized according to the results of a protein gel blot analysis. Data indicate the mean formation of PtdIns(4,5)P 2 (in fmol min À1 ) from three to five independent experiments 6 SD. pETM-41, vector control. domain in the apical plasma membrane of pollen tube cells, we tested whether PIP5K4 and PIP5K5 localized to this subcellular region. PIP5K4 and PIP5K5 were expressed in Arabidopsis plants as fusions to C-terminal EYFP tags driven by 1500-bp intrinsic promoter fragments. The structure of the fluorescencetagged constructs corresponds to those shown in Figure 2A , with the exception that fusion proteins expressed in pollen tubes did not contain the MBP tag present in the recombinant proteins expressed in E. coli. Pollen of the transgenic Arabidopsis progeny was germinated in vitro, and the fluorescence distribution was monitored in the emerging pollen tubes (Figures 6A and 6B) . Both PIP5K4 and PIP5K5 localized in a peripheral ring-like pattern close to the apex of Arabidopsis pollen tubes, moving forward as the pollen tubes grew. For both enzymes, a substantial degree of diffuse cytosolic fluorescence that was restricted to the apical region of the pollen tubes was also observed. From the localization of PIP5K4 and PIP5K5, it can be concluded that both enzymes could play roles in the generation of the tip-localized PtdIns(4,5)P 2 domain. PIP5K4 and PIP5K5 were also expressed as fusions to C-terminal EYFP tags in Arabidopsis driven by the pollen-specific Lat52 promoter (Twell et al., 1990) , and similar levels of expressed fluorescence and similar localization patterns were observed as with the intrinsic promoters. In parallel to experiments on Arabidopsis plants, PIP5K4 and PIP5K5 were transiently expressed in tobacco pollen tubes to study the effects of perturbing PtdIns(4,5)P 2 production. The tobacco system provides a number of experimental advantages over Arabidopsis. Arabidopsis pollen tubes do not grow as reliably as pollen tubes from some other species (Boavida and McCormick, 2007) . Furthermore, transformation of Arabidopsis pollen by particle bombardment has not been reported and was also not successful in our hands, limiting localization experiments in Arabidopsis pollen tubes to stable expression approaches. The tobacco pollen tube system has long been established, is reliable in its growth and germination characteristics, and makes efficient transient expression possible (Kost Pollen from different Arabidopsis lines were germinated in vitro, and the germination rate and pollen tube length were determined. Complementation of mutant phenotypes was accomplished by expression of the transgenes under their respective intrinsic promoters. (A) Scoring of pollen germination of the lines shown. Data represent the distribution observed in >1300 scored pollen.
(B) Quantification of pollen tube length 24 h after germination according to digital image analysis. Data represent mean values 6 SE of at least 89 pollen tubes and were determined using pollen pooled from at least 30 flowers from five different plants for each line shown. Double asterisks indicate significant differences from the wild type according to a Student's t test (P < 0.01). et al., 1998). Transient expression levels of proteins reached in tobacco were also higher than those obtained using the same promoters for stable expression in Arabidopsis, opening additional avenues of investigation that were exploited in the experiments described below. To test whether or not Arabidopsis PIP5K4 or PIP5K5 would mislocalize in tobacco pollen tubes, the Arabidopsis enzymes were transiently expressed under the Lat52 promoter in tobacco pollen grains as in-frame fusions with C-terminal EYFP tags. The tobacco pollen were germinated, and pollen tube growth was monitored. Transient gene expression by particle bombardment yields a range of expression levels, indicated by variations in the resulting fluorescence intensities of the expressed fusion proteins. To allow for the documentation of meaningful subcellular distribution patterns of fluorescence-tagged PI4P 5-kinases, tobacco pollen tubes were selected that exhibited low fluorescence intensities of the expressed fusion proteins comparable to those achieved with stable expression using intrinsic promoter fragments in Arabidopsis (Figures 6C to 6F) . In growing tobacco pollen tubes, PIP5K4 and PIP5K5 localized laterally in a ring-like plasma membrane domain close to the growing tip (Figures 6C and 6D, respectively) . Dynamic localization of PIP5K5 in tobacco pollen tubes can be assessed from Supplemental Movie 1 online. With cessation of growth, PIP5K4 and PIP5K5 both localized to plasma membrane areas that included the apex of tobacco pollen tubes (Figures 6E and 6F, respectively) . To document overlapping localization patterns of PIP5P4 and PIP5K5 in tobacco pollen tubes, the subcellular distribution of PIP5K4 C-terminally tagged with cyan-fluorescent protein (CFP) was directly compared with that of PIP5K5 C-terminally tagged with EYFP in a coexpression experiment ( Figure 6G ). Because the coexpression of PIP5K4-CFP and PIP5K5-EYFP resulted in cessation of growth, no coexpression was observed in growing pollen tubes; in nongrowing tobacco pollen tubes, the localization of PIP5K4 and PIP5K5 was similar. Plasma membrane localization of PIP5K5 in tobacco pollen tubes was compared with the distribution of the steryl-dye, FM 4-64 ( Figure 6H ), and PIP5K5 was found to decorate a distinct plasma membraneassociated domain in addition to a diffuse pattern in the cytosol. Using both Arabidopsis and tobacco pollen, plasma membrane association was always accompanied by diffuse cytosolic localization. Note that to limit FM 4-64 staining to the plasma membrane, the dye was allowed to perfuse cells for only a few minutes. Overall, the localization data indicate that the localization of PIP5K4 and PIP5K5 in growing tobacco pollen tubes ( Figures 6C and 6D ) closely reflected that observed in growing Arabidopsis pollen tubes ( Figures 6A and 6B) , and no mislocalization was observed.
Overexpression of PIP5K4 or PIP5K5 Results in Altered Pollen Tube Morphology
To test possible physiological roles of PtdIns(4,5)P 2 in pollen tube growth, tobacco pollen tubes were analyzed in which PIP5K4 or PIP5K5 were overexpressed to different levels, thus perturbing PtdIns(4,5)P 2 production. PI4P 5-kinase overexpression drastically altered pollen tube morphology, giving rise to pollen tube branching and a protoplast trapping phenotype likely (E) and (F) Pollen tube branching observed with overexpression of PIP5K4 (E) or PIP5K5 (F). Arrowheads indicate sites of branching. Bars = 50 mm. (G) As morphological changes also occasionally occurred in wild-type controls, the incidence of altered morphology was calculated for controls and transgenic lines. Gray bars, zigzag growth; black bars, branching. Data presented are from three independent transgenic lines overexpressing PIP5K4 (#23) or PIP5K5 (#08 and #12) and from wild-type and pip5k4 pip5k5 double mutant controls. For each line, between 120 and 200 pollen tubes were scored.
resulting from a loss of flexibility of the apical cell wall and subsequent restriction of cell expansion, as will be described in more detail below. Altered pollen tube morphology was restricted to tubes with increased expression of the transgenes in comparison to expressors exhibiting no morphological changes (Figure 7 ). Tobacco pollen tubes with low expression levels exhibited normal growth (cf. Figure 6 and Supplemental Movie 1 online), tubes with intermediate expression levels exhibited tip branching (cf. Figure 8 ), and tubes with the highest expression levels showed the protoplast trapping phenotype described in more detail below (cf. Figure 9 ), as summarized in Figure 8F ) and could also occur at multiple sites ( Figures 8B and 8D) , giving rise to pollen tubes with multiple tips. Separate branches showed substantial growth beyond the site of branching, as can be observed in Supplemental Movie 2 online. With expression of PIP5K4, formation of an extended apical microdomain was observed ( Figure 8G ), indicating an enlarged apical site of PtdIns(4,5)P 2 production. Note that expression of the inactive PIP5K5 K497A (cf. Figure 2) did not alter the morphology of tobacco pollen tubes ( Figure 8H ), and zero tubes expressing the inactive PIP5K5 K497A exhibited morphological changes (n = 75). The branching phenotypes shown were recorded after 14 h of pollen tube growth and were obvious in 42 out of 247 (17%) and 65 out of 253 (26%) of scored tobacco pollen tubes overexpressing PIP5K4 or PIP5K5, respectively, at intermediate levels (cf. Figure 7) . While 17 to 26% of tobacco pollen tubes overexpressing PIP5K4 or PIP5K5 at intermediate levels showed the tip-branching phenotype (Figure 8 ), tobacco pollen tubes with higher levels of overexpression were shortened and morphologically altered in the apical region (Figure 9) . A characteristic effect accompanying very strong overexpression of PIP5K4 or PIP5K5 and the growth inhibition was the formation of membrane invaginations in the apical region of the pollen tubes ( Figures 9C to 9G ). The observed growth arrest of tobacco pollen tubes strongly overexpressing PIP5K4 or PIP5K5 was always accompanied by thick amorphous deposits of cell wall, as indicated in Figure 9G , which were subsequently studied in more detail. Because the thickened cell wall appeared to limit cell expansion and excess membrane area folded inwards, the observed pattern was designated as "protoplast trapping." After 14 h of pollen tube growth, this phenotype was obvious in 38% (93 out of 247) and 41% (103 out of 253) of scored tobacco pollen tubes expressing PIP5K4 ( Figure 9A ) or PIP5K5 ( Figure 9B ), respectively. Note that the distribution of percentages of phenotypic categories depend on the particular expression levels attained in a particular experiment and will differ between experiments.
PtdIns(4,5)P 2 Distribution in the Plasma Membrane
Because the results shown in Figure 8 indicated that catalytic activity and formation of PtdIns(4,5)P 2 were responsible for the morphological changes observed, the distribution of PtdIns(4,5) P 2 was visualized in tobacco pollen tubes. In vivo visualization was achieved using the PtdIns(4,5)P 2 -specific PH domain of human PLCd1 (Varnai and Balla, 1998) expressed as a fusion to the N-terminally attached red fluorescent protein, RedStar (Janke et al., 2004) . The RedStar-PLCd1-PH-reporter decorated a plasma membrane microdomain at the tips of growing tobacco pollen tubes ( Figure 10A ) or a larger plasma membrane area of nongrowing tobacco pollen tubes ( Figure 10B ), as was previously reported for PtdIns(4,5)P 2 (Kost et al., 1999; Dowd et al., 2006) . Note that the distribution of PtdIns(4,5)P 2 in growing tobacco pollen tubes closely resembled that of PIP5K4 or PIP5K5 (Figures 6C and 6D ). In addition, PtdIns(4,5)P 2 was decorated with somewhat less intensity at the extreme apex of growing pollen tubes (Figures 10A and 10C ). When coexpressed with PIP5K4 or PIP5K5 each C-terminally tagged with EYFP ( Figures 10C and 10D , and 10E and 10F, respectively), the localization of PIP5K4 or PIP5K5 was found to largely overlap that of PtdIns(4,5)P 2 in growing tobacco pollen tubes; however, PI4P 5-kinases appeared to be excluded from the extreme apical region. In nongrowing tobacco pollen tubes, however, the localization of RedStar-PLCd1-PH extended beyond that of PIP5K4 or PIP5K5 with overlap only at the extreme apex, indicating a PtdIns(4,5)P 2 -rich plasma membrane region further back from the tip that was not associated with PIP5K5 ( Figures 10D and  10F ). When the spatial distribution of PtdIns(4,5)P 2 was analyzed in tobacco pollen tubes overexpressing PIP5K5, extended regions of PtdIns(4,5)P 2 were observed in branched tubes ( Figure  10G ) compared with the distribution observed with low expression ( Figure 10B ). Emerging membrane invaginations ( Figure  10H ) were marked by a localized high intensity of the RedStarPLCd1-PH-reporter, suggesting localized accumulation of PtdIns(4,5)P 2 at these sites. Note that it has been demonstrated that the expression of the human PLCd1-PH-domain influences phosphoinositide levels of the host cells (Balla et al., 2000; Balla and Varnai, 2002) , and such effects cannot be ruled out for PtdIns (4,5)P 2 visualizations shown here. Because we observed decreased growth of tobacco pollen tubes when the RedStar-PLCd1-PHreporter was expressed at high levels, in the experiments shown, the subcellular distribution of the PtdIns(4,5)P 2 reporter was analyzed only in pollen tubes exhibiting as low as possible expression, indicated by low fluorescence intensity, to ensure that effects on PtdIns(4,5)P 2 functionality remained small.
Actin Cytoskeletal Structures in Pollen Tubes Overexpressing PI4P 5-Kinases
Because the actin cytoskeleton is a known target for PtdIns(4,5) P 2 regulation in mammalian cells (Yin and Janmey, 2003) and has been demonstrated to contribute to pollen tube morphology , we tested whether the morphological alterations observed in pollen tubes overexpressing PI4P 5-kinases would also manifest as regulatory effects on the actin cytoskeleton. These experiments did not reveal an obvious relationship between the actin cytoskeleton and the phenotypes observed with overexpression of PIP5K4 or PIP5K5 (see Supplemental Figure 1 online) . Further experiments focused on the pollen tube cell wall.
Overexpression of PIP5K4 or PIP5K5 Results in Increased Apical Secretion of Pectin
The cell walls of pollen tubes contain various components, such as callose and pectin, only the latter of which is deposited by apical vesicle fusion, as described above. To elucidate the nature of the increased cell wall deposition in the PIP5K4 or PIP5K5 Phenotypes observed in tobacco pollen tubes expressing PIP5K4 or PIP5K5 were categorized and the associated mean fluorescence intensities determined in the apical cytoplasm. White bars, no morphological alteration; gray bars, pollen tube branching; black bars, protoplast trapping phenotype. Intensity data represent means from 10 pollen tubes for each category 6 SD. The intensity measurements were repeated twice with similar results.
overexpressors, different dyes were employed that stain specific cell wall components (Figure 11 ). When nontransformed tobacco pollen tubes ( Figure 11A ) and tubes overexpressing PIP5K4 ( Figure 11B ) or PIP5K5 ( Figures 11C and 11D) were stained for pectin with toluidine blue O (O'Brien et al., 1964) , the resulting patterns indicated that the material deposited in great amounts in the overexpressors was pectin. Independent staining with ruthenium red (Iwai et al., 2006) , another dye specific for pectin, supported these results ( Figures 11E to 11J ). As toluidine blue and ruthenium red stain pectin but not callose (O'Brien et al., 1964; Iwai et al., 2006) , tobacco pollen tubes overexpressing PIP5K5 were stained with aniline blue, a dye that specifically stains callose (Fukumoto et al., 2005) . The tobacco pollen tubes presented in Figures 11A to 11J show the different degrees of pectin deposition observed. For nontransformed tobacco pollen tubes ( Figure 11K ) or tubes overexpressing PIP5K5 ( Figures 11L  and 11M ) aniline blue fluorescence was observed in the cell wall of the shank but not in that of the tip of the pollen tube. Importantly, the callose patterns observed indicated no excess incorporation of callose into the cell wall of PIP5K4 or PIP5K5 overexpressors. The combined data indicate that overexpression of PIP5K4 or PIP5K5 resulted in increased apical deposition of pectin in tobacco pollen tubes, which may alter the elastic properties of the cell wall and underlie pollen tube branching and the protoplast trapping phenotype.
DISCUSSION
The directional growth of pollen tubes results from the interplay of multiple processes that require tight spatial and temporal coordination (Franklin-Tong, 1999; Krichevsky et al., 2007) . Because the enzymes producing PtdIns(4,5)P 2 in pollen tubes have not previously been identified, the roles of PtdIns(4,5)P 2 in the regulation of pollen tube growth have remained unresolved. Here, the identification of pollen-expressed genes encoding PI4P 5-kinases (Figure 1 ) has provided candidate enzymes to investigate the roles of PtdIns(4,5)P 2 in pollen tube growth by both underexpression and overexpression approaches. The promoter GUS data must be interpreted with some caution because the GUS protein is very stable and may linger for a considerable amount of time after promoter activity has ceased. The data presented here indicate that promoter activity of the PIP5K4 and PIP5K5 genes can generate proteins with a spatiotemporal distribution suitable for a role in pollen tube germination and growth.
The reported effects of PI4P 5-kinases on pollen tube morphology must be reviewed in light of the catalytic activity of the PI4P 5-kinases tested (Figure 2 ). The observed substrate preference for PtdIns4P (Table 1) is consistent with a conserved Glu residue being implicated in determining PI4P 5-kinase specificity (Kunz et al., 2000) , as this residue is found in the active sites of both PIP5K4 and PIP5K5 (E742 and E735, respectively). Importantly, effects of PI4P 5-kinase overexpression on pollen tube morphology depended on enzyme activity, and the inactive variant PIP5K5 K497A did not alter pollen tube growth upon overexpression ( Figure 8H ). It follows that the observed effects on pollen tube growth are exerted by PtdIns(4,5)P 2 production, rather than by structural properties of the overexpressed proteins.
Production of PtdIns(4,5)P 2 by the type B PI4P 5-kinase, PIP5K3, has previously been demonstrated by mutant analysis to be essential for polar tip growth of root hairs (Kusano et al., 2008; Stenzel et al., 2008) , a tip-growing cell type similar in many respects to pollen tubes. Data presented here demonstrate that pollen grains from pip5k4 pip5k5 double mutant plants had greatly reduced in vitro germination rates ( Figure 4A ) and that pollen tubes protruding from those grains that did germinate were significantly shorter than those of wild-type controls ( Figure  4B ). The observation of a small number of viable pollen in the pip5k4 pip5k5 double mutant suggests that PI4P 5-kinases other than PIP5K4 or PIP5K5 may provide residual functionality to the ensuing pollen tubes. The germination and growth defects in pip5k4 pip5k5 double mutants were reversed by the ectopic introduction of either PIP5K4:EYFP or PIP5K5:EYFP into the double mutant plants (Figure 4) , demonstrating that the observed phenotypes were due to the combined disruption of the PIP5K4 and PIP5K5 genes rather than to unrelated T-DNA insertions elsewhere in the genome. The results also demonstrate that the fluorescence tag is not obstructive and that PI4P 5-kinase-EYFP fusion proteins are fully functional in vivo, as had been previously reported for PIP5K3 in root hairs (Stenzel et al., 2008) . Interestingly, pollen germination frequencies and the length of pollen tubes were actually increased in pip5k4 pip5k5 double mutants overexpressing PIP5K4-EYFP or PIP5K5-EYFP under intrinsic promoter fragments in comparison to nontransformed controls ( Figure 4B ). Morphological changes and branching of Arabidopsis pollen tubes observed with strong expression of PIP5K4 and PIP5K5 in the double mutant background ( Figure 5 ) was later found also in the heterologous tobacco system (Figures 8 and 9 ), indicating close functional congruence of PI4P 5-kinases in pollen tubes of Arabidopsis and tobacco. Importantly, the observation of pollen tube branching in pollen tubes of Arabidopsis and tobacco indicates that this phenotype was not an artifact of the heterologous tobacco expression. PIP5K4 and PIP5K5 exhibited very similar localization patterns in growing pollen tubes of Arabidopsis and tobacco ( Figure 6 ). The observation of substantial cytosolic fluorescence of the fusion proteins is consistent with their soluble nature and the notion of transient peripheral recruitment to the plasma membrane (Rao et al., 1998) . Membrane association is likely dynamic and at an equilibrium with cytosolic localization, as has been reported for mammalian PI4P 5-kinases (Rao et al., 1998) . The distribution of PIP5K4 and PIP5K5 in pollen tubes of Arabidopsis and tobacco was similar to that of PtdIns(4,5)P 2 in tobacco pollen tubes ( Figures 10A and 10B) , suggesting a role for PIP5K4 and PIP5K5 in the generation of the apical PtdIns(4,5)P 2 microdomain. In coexpression experiments of PIP5K4-EYFP or PIP5K5-EYFP with RFP-PLCd1-PH, the localization of PI4P 5-kinases in growing pollen tubes largely overlapped with that of PtdIns(4,5) P 2 ( Figures 10C and 10E) , which showed additional accumulation at the extreme apex of the cells. The ring-like PI4P 5-kinase microdomain moved forward with the growing tip (see Supplemental Movie 1 online). The observation that the domain of PtdIns(4,5)P 2 production moved only in the forward direction indicates that movement was not due to random diffusion. Data previously published on the effects of pollen-expressed PLCs on polar tip growth (Dowd et al., 2006; Helling et al., 2006) indicate that a balance between synthesis and degradation of PtdIns(4,5) P 2 must be maintained for formation of the dynamic PtdIns(4,5)P 2 microdomain and for proper pollen tube elongation. In addition, data from in vivo labeling experiments indicate that PtdIns(4,5)P 2 is turned over very rapidly (Perera et al., 2002; Im et al., 2007; Krinke et al., 2007) , and that increased abundance of PI4P 5-kinases should, thus, unbalance the system and have immediate effects on pollen tube growth.
In contrast with the situation in growing pollen tubes, the pattern of PIP5K4 and PIP5K5 localization in nongrowing tubes was slightly different from the distribution of PtdIns(4,5)P 2 (Figures 10D and 10E; cf. Figures 6E and 6F) . When coexpressed with the PtdIns(4,5)P 2 reporter, PIP5K4 and PIP5K5 overlapped with PtdIns(4,5)P 2 only in the apical region of the plasma membrane but not with PtdIns(4,5)P 2 -rich regions located further back from the pollen tube tip (Figures 10D and 10F ). These observations suggest that the apical type B PI4P 5-kinases may not be the sole source of PtdIns(4,5)P 2 in pollen tubes. It can be assumed that PtdIns(4,5)P 2 has only a very short lifespan in plant cells due to the limiting action of PLC (Dowd et al., 2006; Helling et al., 2006) or PI phosphatases (Ercetin and Gillaspy, 2004) . Because of the abundance of PtdIns(4,5)P 2 -degrading enzymes (Mueller-Roeber and Pical, 2002; Dowd et al., 2006; Helling et al., 2006) , the lifespan is likely even shorter for PtdIns(4,5)P 2 freely diffusing in the plane of the membrane, and it may be concluded that PtdIns(4,5)P 2 can act only in close proximity of the PI4P 5-kinase by which it was generated. In consequence, PtdIns(4,5) P 2 detected at a distance from PIP5K4 or PIP5K5 may either be the result of its decreased degradation or of additional PI4P 5-kinases acting in a region further back from the pollen tube apex. So far, the nature and origin of PtdIns(4,5)P 2 not spatially coinciding with PIP5P4 or PIP5K5 is unclear.
In root hairs, overproduction of PtdIns(4,5)P 2 has been shown to have profound effects on cell polarity and polar tip growth (Stenzel et al., 2008) , and the effects of PI4P 5-kinase overexpression reported here indicate that overproduction of PtdIns (4,5)P 2 also alters polar tip growth of pollen tubes (Figures 8 and  9 ). One factor regulating the polarity of the pollen tube tip is the actin cytoskeleton (Cardenas et al., 2008) . When the actin cytoskeleton was visualized in nontransformed pollen tubes (see Supplemental Figure 1A online) and in tubes overexpressing PIP5K4 or PIP5K5 and exhibiting branching (see Supplemental Figure 1B online), emerging membrane infolding (see Supplemental Figure 1C online), or full protoplast trapping (see Supplemental Figures 1D and 1E online) , no alterations in actin cytoskeletal structure were observed. Importantly, distinct actin fringes were observed in cells showing the reported phenotypes (see Supplemental Figures 1B and 1C online) . Only in tubes showing the most severe morphological alterations was the actin cytoskeletal fine structure altered (see Supplemental Figures 1D and 1E online), along with overall abolishment of the apical morphology. The data suggest that changes in actin organization of the pollen tube tip with overexpression of PIP5K4 or PIP5K5 became manifest only in cases of the most severe morphological changes. The contribution of the actin cytoskeleton to the morphological changes observed thus appeared small, and further attention was given to the influence of overexpression of PIP5K4 or PIP5K5 on the cell wall, specifically on apical pectin deposition.
In the tips of pollen tubes strongly overexpressing PIP5K4 or PIP5K5, we regularly observed increased cell wall deposition accompanied by plasma membrane invaginations in the tube apex (Figures 7, 9 , and 11). Note that the increased cell wall components positively stained for pectin with toluidine blue O and ruthenium red ( Figures 11B to 11J ), whereas aniline blue staining for callose indicated no change in callose deposition with the overexpression of PIP5K4 or PIP5K5 (Figures 11L and  11M) . Trafficking of pectin-containing vesicles and the secretion of pectin at the pollen tube tip have to be tightly regulated to preserve the plasticity of the apical cell wall, which is crucial for pollen tube elongation (Krichevsky et al., 2007) . Pectin is secreted by exocytosis at the pollen tube tip (Bosch and Hepler, 2005; Tian et al., 2006) , and the observation of increased pectin deposition in PI4P 5-kinase overexpressors suggests that increased production of PtdIns(4,5)P 2 may have altered the balance of vesicle trafficking and apical pectin deposition. Importantly, phenotypic changes, such as pollen tube branching (Figures 5 and 8 ) and membrane invaginations (Figure 9 ), may be explained by an increased rate of pectin delivery to the apex and/ or increased secretion. Similarly, the reduced germination and growth of the pip5k4 pip5k5 double mutant pollen (Figure 4 ) may be explained through effects on apical trafficking or secretion of pectin. When pectin deposition is increased due to strong overexpression of type B PI4P5-kinases, the apical cell wall will become thicker and less flexible. In consequence, the turgor pressure may no longer be strong enough to expand the cell wall, and pollen tube elongation will cease (Figure 9 ). Continuing delivery of vesicles containing pectin and membrane area to the apex may lead to excess pectin accumulation in the apical cell wall (Figures 11B to 11J ). Apical fusion of cargo vesicles leads not only to cell wall deposition, but also increases the incorporated area of the apical plasma membrane. If the protoplast inside a rigidified cell wall cannot be expanded anymore, the membrane area continuously incorporated at the apical plasma membrane may fold inward, possibly explaining the observed protoplast trapping phenotype (Figure 9 ). Branching of tobacco pollen tubes (Figure 8 ) was observed with type B PI4P 5-kinase expression levels that were weaker than those in pollen tubes showing the protoplast trapping phenotype (cf. Figure 7) . A possible explanation for the branching phenotype is that increased delivery of cargo vesicles and/or increased pectin deposition may not be strong enough to terminate growth, but may be sufficiently altered to cause aberrant plasticity of the apical cell wall. Such localized changes in pectin deposition in the apical cell wall may lead to two zones of flexible cell wall divided by a more rigid region, which would ultimately lead to a splitting of the pollen tube apex and the observed branching pattern. Both arms of a branched pollen tube could continue growing independently for long distances ( Figures 8A and 8C) , indicating that pollen tube elongation is a self-sustainable process, as was previously hypothesized (Cole and Fowler, 2006) , and not dependent on the close vicinity of the vegetative nucleus, which was only present in one branch.
The question of how increased abundance of PI4P 5-kinases may unbalance vesicle trafficking and pectin deposition at the growing tip must be discussed on a somewhat speculative basis because information about the effects of PtdIns(4,5)P 2 on the secretory machinery of plants is limited. From the animal and yeast fields, it is known that PtdIns(4,5)P 2 recruits subunits of the exocyst complex, which is required for secretion at the plasma membrane (He et al., 2007; Liu et al., 2007) . Even though interactions with phosphoinositides have not been studied using subunits of the plant exocyst complex, it has been shown that in plants some exocyst components are important for polar growth (Cole et al., 2005; Wen et al., 2005; Synek et al., 2006; Hala et al., 2008) . Another possibility that has been previously discussed (Stenzel et al., 2008) is that type B PI4P 5-kinases could produce PtdIns(4,5)P 2 not only at the plasma membrane but also on secretory vesicles. In this context, it is also relevant to consider that the phosphatidylinositol 4-kinase b1 and its product, PtdIns4P, have been found associated with tip-localized vesicles in root hairs (Preuss et al., 2006) . Support for a role of PI4P 5-kinases acting on lipid substrates associated with vesicles rather than the plasma membrane comes from reports from the mammalian field, demonstrating that vesicle to plasma membrane fusion is promoted by increased levels of PtdIns(4,5)P 2 in the membranes of secretory vesicles, rather than by PtdIns(4,5) P 2 at the plasma membrane (Vicogne et al., 2006) . Also, the function of synaptotagmin, a protein of the exocytotic machinery associated with exocytotic vesicles, is dependent on the presence of Ptdins(4,5)P 2 (Sugita, 2008) .
In summary, the data presented indicate that the type B PI4P 5-kinases, PIP5K4 and PIP5K5, have important functions in pollen germination and in pollen tube growth. The enzymes are associated with a PtdIns(4,5)P 2 microdomain in the plasma membrane of the growing pollen tube tip and may regulate polar tip growth by generating PtdIns(4,5)P 2 required for trafficking and/or secretion of pectin at the growing apex. Future experiments will be aimed at the identification of other important players of the secretory machinery that may be regulated by PtdIns(4,5)P 2 .
METHODS cDNA Constructs
Cloning of PI4P 5-Kinase cDNA Sequences
The cDNA sequences encoding PIP5K4 and PIP5K5 were isolated by RT-PCR from RNA of young inflorescences of wild-type Arabidopsis thaliana (ecotype Columbia-0) plants using the following oligonucleotide combinations: PIP5K4, 59-GATCCATGGGCAAGGAACAAAGCTGTGTTCTAAAG-G-39/59-GATCCATGGCATTATCCTCAGTGAAGACCTTGA-39; PIP5K5, 59-GATTCATGAGCAAGGACCAAAGCTATGTTCTAAAAG-39/59-GATTC-ATGACATTGTCATCTGTGAAGACCTTGA-39. PCR fragments were subcloned into the vector pGEM-Teasy (Promega) and sequenced. The resulting plasmids were designated as PIP5K4-pGEM-Teasy and PIP5K5-pGEM-Teasy, respectively. The coding sequence for the human PLCd1-PHdomain was amplified from plasmid-DNA provided by Tamas Balla (Varnai and Balla, 1998) and modified to encode a seven-amino acid linker (glygly-ala-gly-ala-ala-gly) between the PH domain and RedStar as previously described (Dowd et al., 2006) using the primer combination 59-GATCG-CGGCCGCCGGTGGAGCTGGAGCTGCAGGAATGAGGATCTACAGG-CGC-39/59-GATCGATATCTTAGATCTTGTGCAGCCCCAGCA-39.
Cloning of Constructs for Bacterial Activity Tests
EYFP was amplified using primer combination 59-GATCGCGGCCG-CCCATGGTGAGCAAGGGCGAG-39/59-GCGGCCGCTTACTTGTACAG-CTCGTCCATGCC-39, which introduced a new NcoI restriction site in front of the coding sequence for EYFP and ligated as a NotI/NotI fragment into the pETM-41 vector that was then termed pETM-41-EYFP. The cDNA sequences encoding PIP5K4 and PIP5K5 were moved as NcoI/NcoI fragments from PIP5K4-pGEM-Teasy or as BspHI/BspHI fragments from PIP5K5-pGEM-Teasy, respectively, into the expression plasmids pETM-41 (EMBL Protein Expression and Purification Facility) and into pETM-41-EYFP digested with NcoI. All clones were introduced in frame with the cDNA encoding the N-terminal MBP and polyhistidine (His) tags of pETM-41.
Fusion Constructs for Particle Bombardment
cDNA fragments for +2-CFP (encoding CFP plus two additional nucleotides), +2-EYFP (encoding EYFP plus two additional nucleotides), and RedStar (Janke et al., 2004) were amplified from plasmids carrying the authentic clones provided by Martin Fulda (Gö ttingen University, Germany) using the following primer combinations: +2-CFP and +2-EYFP, 59-GATCGCGGCCGCATGGTGAGCAAGGGCGAG-39/59-GAT-CGATATCTTACTTGTACAGCTCGTCCATG-39; RedStar, 59-GATCGTCG-ACATGAGTGCTTCTTCTGAAGATGTC-39/59-GATCGCGGCCGCCAAG-AACAAGTGGTGTCTACCTT-39. Amplicons were subcloned into pGemTeasy and moved into pENTR2b as NotI/EcoRV fragments, except in the case of RedStar, which was cloned as a SalI/NotI fragment, creating the plasmids pENTR-+2-CFP, pENTR-+2-EYFP, and pENTR-RedStar. Prior to ligation, the control of cell death b (ccdb) gene was eliminated from pENTR2b by EcoRI digestion and religation. cDNA fragments encoding PIP5K4 and PIP5K5 were each moved as NotI/NotI fragments from the plasmids PIP5K4-pGEM-Teasy or PIP5K5-pGEM-Teasy into pENTR-+2CFP and pENTR-+2EYFP, respectively. The cDNA encoding the PLCd1-PH domain was moved as a NotI/EcoRV fragment into pENTR-RedStar. All constructs were transferred by Gateway technology (Invitrogen) from pENTR2b to the pLatGW plasmid, an expression vector containing the tomato Lat52 promotor (Twell et al., 1990) , an attR gateway cassette, and a cauliflower mosaic virus 35S terminator. The pLatGW vector was a gift from Wolfgang Drö ge-Laser (Gö ttingen University).
Cloning of PI4P 5-Kinase Promoter Sequences
For generation of promoter-GUS fusions, the GUSPlus gene was amplified from the vector pCAMBIA1305.1 (accession number AF354045) using the primer combination 59-GATCGCGGCCGCCATGGTAGATCTG-AGGGTAAATTTCTAGTTTTTCTC-39/59-GATCGAGCTCCTGTCAAACACT-GATAGTTTAATTCCCGATC-39 and the PCR product was introduced as a NotI/SacI fragment into the vector pgreen0029 (http://www.pgreen.ac.uk/) (Hellens et al., 2000) , yielding the plasmid pgreenGUSPlus. Amplification of 1500-bp genomic sequences upstream of coding sequences for use as promoters was achieved with different Arabidopsis BAC clone templates as indicated, using the following primer combinations: PromPIP5K4, 59-GATC-GTCGACCCACCGGAGACTCCAGCAGCCAAAGCGGT-39/59-GATCGCG-GCCGCCTTCTTAAACTAATAAAACTTTTCTCTAAGATAC-39 from BACclone F24J3; PromPIP5K5, 59-GATCGTCGACGACTCGAGCCATATAGTC-GGCACCATG-39/59-GATCGCGGCCGCTATGTTAAACTAAGGAAACGTC-TATCTAAAAAC-39 from BAC-clone T3K9. The PCR products representing PromPIP5K4 and PromPIP5K5 were moved directionally as SalI/NotI fragments into the vector pgreenGUSPlus. The resulting plasmids were transformed into Agrobacterium tumefaciens strain EHA105 and used for stable Arabidopsis transformation.
Fusion Constructs for Stable Expression in Arabidopsis
For constructs for particle bombardment, +2EYFP amplicons were moved into the plasmid pUC18Entry (Hornung et al., 2005) as NotI/ EcoRV fragments, creating the plasmid pUC18Entry-EYFP. Prior to ligation, the ccdb gene was eliminated from pUC18Entry by EcoRI digestion and religation. The PCR products representing PromPIP5K4 and PromPIP5K5 were moved as SalI/NotI fragments into pUC18Entry-EYFP, creating the plasmids PromPIP5K4-EYFP and PromPIP5K5-EYFP, respectively. The coding sequences for PIP5K4 or PIP5K5 were moved as NotI/NotI fragments from PIP5K4-pGEM-Teasy or PIP5K5-pGEM-Teasy into PromPIP5K4-EYFP and PromPIP5K5-EYFP, respectively. Finally, the fragments consisting of the promoter sequence and the cDNA encoding the fluorescence-tagged PI4P 5-kinases were transferred to the expression plasmid pCAMBIA3300.0 GC using Gateway technology (Invitrogen) according to the manufacturer's instructions.
Heterologous Expression in Escherichia coli
Recombinant enzymes were expressed in E. coli strain BL21-AI (Invitrogen) at 258C for 18 h after induction with 1 mM isopropylthio-b-galactoside and 0.2% (w/v) L-arabinose. Cell lysates were obtained by sonication in a lysis buffer containing 50 mM Tris-HCl, 300 mM NaCl, 1 mM EDTA, and 10% (v/v) glycerol at pH 8.0.
Lipid Kinase Assays
Lipid kinase activity was assayed by monitoring the incorporation of radiolabel from g[ 32 P]ATP into defined lipid substrates (Avanti Polar Lipids) as described (Cho and Boss, 1995) using total extracts of BL-21-AI expression cultures. Recombinant expression levels were adjusted between individual cultures according to immunodetection of expressed MBP-tagged proteins. Radiolabeled lipid reaction products were separated by thin-layer chromatography using silica S60 plates (Merck) and CHCl 3 :CH 3 OH:NH 4 OH:H 2 O (57:50:4:11) as a developing solvent (Perera et al., 2005) and visualized by autoradiography using Kodak X-Omat autoradiography film (Eastman Kodak). Reaction products were identified according to comigration with authentic standards (Avanti Polar Lipids) that were visualized as described (Kö nig et al., 2007) . Phosphatidylinositol-bisphosphate bands were scraped from thin-layer chromatography plates according to autoradiography, and the radiolabel incorporated in lipids present in the scraped silica powder was quantified using liquid scintillation counting (Analyzer Tricarb 1900 TR; Canberra Packard). Enzyme activities against PtdIns4P or other PtdIns-monophosphate substrates represent the means of five and two independent experiments, respectively.
Tobacco Pollen Tube Growth and Transient Gene Expression
Mature pollen was collected from four to six tobacco (Nicotiana tabacum) flowers of 8-week-old plants. Pollen was resuspended in growth medium (Read et al., 1993) , filtered onto cellulose acetate filters, and transferred to Whatman paper moistened with growth medium. Within 5 to 10 min of harvesting, pollen was transformed by bombardment with plasmidcoated 1-mm gold particles with a helium-driven particle accelerator (PDS-1000/He; Bio-Rad) using 1350 p.s.i. rupture discs and a vacuum of 28 inches of mercury. Gold particles (1.25 mg) were coated with 3 to 7 mg of plasmid DNA. After bombardment, pollen was resuspended in growth medium and grown for 5 to 14 h in small droplets of media directly on microscope slides. Digital images were taken at room temperature as described below.
Arabidopsis Pollen Tube Growth
Newly opened Arabidopsis flowers were collected and prehydrated for 1 h. Pollen was transferred to solid growth medium slightly modified from the protocol described previously (Boavida and McCormick, 2007) containing 0.01% (w/w) boric acid, 5 mM CaCl 2 , 5 mM KCl, 1 mM MgSO 4 , 10% (w/w) sucrose, pH 7.5, and 0.5% (w/w) phytagel and incubated for 30 min at 308C before transferring to 228C for further growth.
Microscopy and Imaging
Images were recorded using either an Olympus BX51 epifluorescence microscope or a Zeiss LSM 510 confocal microscope. For BX51, images were obtained at 3200 or 3400 magnification using an F41-028 HQFilterset for Yellow GFP (Olympus) or a UMWU 2 UV filter set for aniline blue, an Olympus ColorView II camera, and analySIS Docu 3.2 software (Soft Imaging Systems). For LSM 510, EYFP was excited at 514 nm and imaged using an HFT 405/514/633-nm major beam splitter (MBS) and a 530-to 600-nm band-pass filter; CFP was excited at 405 nm and imaged using an HFT 405/514/633-nm MBS and a 470-to 500-nm band-pass filter; RedStar was excited at 561 nm and imaged using an HFT 405/488/ 561-nm MBS and a 583-to 604-nm band-pass filter; Phalloidin was excited at 561 nm and imaged using an HFT 458/561-nm MBS and a 575-to 615-nm band-pass filter. In coexpression experiments, CFP and EYFP were synchronously excited at 405 and 514 nm, respectively, and imaged using HFT 405/514/633-nm and NFT 515-nm MBSs and 470-to 500-nm and 530-to 600-nm band-pass filters, respectively; EYFP and RedStar were synchronously excited at 488 and 561 nm, respectively, and imaged using an HFT 405/488/561-nm MBS and a 518-to 550-nm band-pass filter and a 583-to 636-nm band-pass filter, respectively; EYFP and FM 4-64 were synchronously excited at 488 and 561 nm, respectively, and imaged using an HFT 405/488/561-nm MBS and a 518-to 550-nm bandpass filter and a 657-to 754-nm band-pass filter, respectively. If not specified otherwise, images of central optical plains were obtained by confocal microscopy at 3630 magnification using the Zeiss LSM510 image acquisition system and software (v 4.0; Zeiss). Fluorescence and transmitted light images were contrast-enhanced by adjusting brightness and g-settings using image processing software (Photoshop; Adobe Systems). Video sequences were assembled using ImageReady software (Adobe Systems). Pollen tube widths, lengths, and fluorescence intensities were analyzed from digital images using analySIS Docu 3.2 software (Soft Imaging Systems). For the analysis of fluorescence intensities, pollen tubes were imaged at identical laser intensities and exposure times.
Staining of Cell Wall, Plasma Membrane, and F-Actin Structures FM 4-64 (Molecular Imaging Products) was added to pollen tubes at a final concentration of 10 mM as described (Parton et al., 2001 ) and visualized after 5 to 15 min of incubation. Pollen tubes were stained according to O'Brien et al. (1964) with toluidine-blue O (Sigma-Aldrich) or according to Iwai et al. (2006) with Ruthenium red (Sigma-Aldrich) using final concentrations of 0.125% (w/v) or 0.01% (w/v), respectively, and imaged under the light microscope (Olympus BX51) within 5 to 15 min after addition of the dye. Callose was stained with aniline blue (Fukumoto et al., 2005) by addition of one-third volume of aniline blue staining solution to pollen tubes 5 min before imaging under the epifluorescence microscope. The aniline blue staining solution was prepared from equal volumes of aniline blue coloring fluid (Euromex) and double concentrated tobacco pollen tube medium. For actin staining with Alexa Fluor 568/ phalloidin (Sigma-Aldrich), transformed pollen grains were spread onto 1-mm-thick growth medium solidified by the addition of 0.25% phytagel and grown for 10 h at room temperature. Fixation and staining were performed as described (Lovy-Wheeler et al., 2005) .
Arabidopsis Transformation
Recombinant constructs were introduced into Arabidopsis plants through Agrobacterium-mediated transformation using the floral dip method (Clough and Bent, 1998) . Independent transformants were subjected to selective conditions on Murashige and Skoog media containing 50 mg mL 21 kanamycin, 1% (w/v) sucrose, and 0.6% (w/v) agar. Resistant seedlings were transferred to soil after 2 to 3 weeks; homozygous T2 plants were used for the analysis.
Histochemical Staining for GUS Activity
Histochemical staining of plant tissue for GUS activity was performed as previously described (Jefferson et al., 1987) . In brief, tissue samples were vacuum-infiltrated for 5 min in a GUS substrate solution of 100 mM sodium phosphate, pH 7.0, 2 mM 5-bromo-4-chloro-3-indolyl-glucuronide, 0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide, 10 mM EDTA, and 0.1% (v/v) Triton X-100 and then incubated at 378C for 3 h. Subsequently, the samples were transferred to 70% ethanol to remove chlorophyll pigmentation. Pollen tubes were stained without vacuum infiltration for 14 h. GUS-positive samples were examined with a brightfield microscope (Olympus BX51) or a stereomicroscope (Olympus SZX12) at low magnification (34 to 310), and digital images were recorded. All GUS-stained samples shown represent typical results of at least three independent transgenic lines for each construct.
RT-PCR Analysis
RT-PCR analysis was performed to verify the expression of PIP5K4 and PIP5K5 in flower tissue of wild-type Arabidopsis plants. Total RNA was extracted using Plant RNA Purification Reagent (Invitrogen). RNA was incubated with RNase-free DNaseI for 30 min at 378C to remove genomic DNA contamination, and RNA was ethanol-precipitated. Five micrograms of total RNA was used as a template for reverse transcription with RevertAid H Minus M-MuLV Reverse Transcriptase (Fermentas) in the presence of oligo(dT) primers. Equal amounts of first-strand cDNAs were used as templates for PCR amplification using the following primer combinations: PIP5K4, 59-GATCCATGGGCAAGGAACAAAGCTGTGTT-CTAAAGG-39/59-GATCCATGG CATTATCCTCAGTGAAGACCTTGA-39; PIP5K5, 59-GATTCATGAGCAAGGACCAAAGCTATGTTCTAAAAG-39/ 59-GATTCATGACATTGTCATCTGTGAAGACCTTGA-39. The Arabidopsis actin gene, ACT8, was amplified using primer combination 59-GCTGGA-TTCGCTGGAGATGATGCT-39/59-TCTCTCAGCACCGATCGTGATC-39 and served as an internal positive control as described (Bustin, 2000) . DNA bands were visualized after electrophoresis by incubating agarose gels in buffer containing 40 mM Tris, pH 8.5, 1 mM EDTA, 20 mM acetic acid, and 0.005% (w/v) ethidium bromide and subsequent exposure to UV light.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative database under the following accession numbers: PIP5K4, At3g56960; PIP5K5, At2g41210; ACT8, At1g49240.
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